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Abstract 

Production of single top quarks at a high energy hadron collider is studied as a 
means to identify physics beyond the standard model related to the electroweak 
symmetry breaking. The sensitivity of the s-channel W* mode, the t-channel W- 
gluon fusion mode, and the tW~ mode to various possible forms of new physics 
is assessed, and it is found that the three modes are sensitive to different forms 
of new physics, indicating that they provide complimentary information about the 
properties of the top quark. Polarization observables are also considered, and found 
to provide potentially useful information about the structure of the interactions of 
top. 

PACS numbers: 14.65.Ha, 12.39.Fe, 12.60-i 



^^On leave from Department of Physics and Astronomy, Michigan State University East Lansing, 
Michigan 48824, USA. 



1 Introduction 



With the discovery of the top quark at the Fermilab Tevatron |J , the third generation 
of fermions in the Standard Model (SM) is complete. However, the question remains, is 
the top quark "just another quark?" or "is it something more?". Top is the only quark 
to have a mass on the same order as the electroweak symmetry breaking (EWSB) scale, 
v ~ 246 GeV, whereas all other observed fermions have masses that are a tiny fraction of 
this energy. This enormous mass may be a clue that the top quark plays a special role in 
the EWSB. Following that line of thinking, many of the proposed extensions of the SM 
explain the large top mass by allowing the top to participate in new dynamics 0, |3|, £|, |5|, K , 
which is connected to the physics providing the mass of the W and Z bosons. Thus, one 
of the primary motivations for the Tevatron Run II and CERN LHC0 is to accurately 
determine the top quark's properties, to see if any hint of nonstandard physics may be 
visible, and thus provide information about the mechanism of mass generation |7]. || . 

Top quarks may be produced in pairs at a hadron collider via the strong interaction, 
through processes such as qq — > ti and gg — > ti. Thus, the rate and kinematic distributions 
of top quarks produced in this way are a measure of the top's interactions with the 
gluons. The top decay proceeds via the weak interaction, and as we shall see does provide 
interesting information about the chiral structure of the W-t-b interaction JF|, |9]. However, 
decays are experimentally relatively insensitive to the magnitude of the interaction by 
which they are mediated. For example, in the case of top, there is one SM decay mode, 
t — > bW + . If this vertex were somehow modified by new physics to have a different 
magnitude, it would affect the top's intrinsic width. However, at a hadron collider the 
width cannot be measured because the experimental resolutions are much larger than 
the width itself ||10|| . Similarly, while observing exotic top decays would certainly be 
interesting and would suggest what type of new vertices describe the observed decays, it 
would not determine the magnitude of these new interactions. Even a study of branching 
fractions compared to the SM decay mode may be misleading, because one must have 
already measured the W-t-b interaction strength itself through some other means. 

These drawbacks lead one to study weak production mechanisms of the top quark, 
which have cross sections directly proportional to the top's weak couplings. The Z-t-t 
coupling will presumably contribute to ti production, though distinguishing this from the 
much larger QCD ti production is most likely hopeless at hadron colliders. (Nevertheless, 
it can be precisely measured at an electron Linear Collider (LC) [TT|] .) A better process to 
measure this interaction is the production of t i Z, where the Z can be observed directly. 
The W-t-b interaction will allow one to produce single top quarks at a hadron collider, 
and thus directly measure the properties of this interaction. A further consideration is 
that new physics characterized by energy scale A may be more apparent in higher energy 
processes, closer to A. Thus, new physics contributions to single top production would 

1 The Tevatron Run II is a proton-anti-proton collider with y/S = 2 TeV, and the LHC is a proton- 
proton collider with \/S = 14 TeV. 
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Figure 1: Feynman diagrams for t-channel production of a single top in the SM. 




Figure 2: Feynman diagram for s-channel production of a single top in the SM. 



scale as (a/s/A)" - (where s is the average center of mass energy of the reaction and n is 
a positive integer or zero) whereas top decay processes scale as (m t /A) n . At high energy 
colliders such as the Tevatron and LHC, yfs can be considerably larger than m t , thus 
enhancing the relative importance of new physics in single top production. 

Single top production proceeds through three distinct sub-processes at a hadron col- 
lider. The t-channel M^-gluon fusion mode fT2], O, involves the exchange of a space-like 



W boson between a light quark, and a bottom (b) quark inside the incident hadrons, re- 
sulting in a jet and a single top quark (c.f. Figure [I]). Its rateQ is rather large at both 



the Tevatron (2.4 pb) and the LHC (243 pb). The s-channel W* mode |T6| involves pro- 
duction of an off-shell, time-like W boson, which then decays into a top and a bottom 
quark (c.f. Figure |2|). It has a relatively large rate at the Tevatron (0.86 pb), but is 
comparatively small at the LHC (11 pb) because it is driven by initial state anti-quark 



parton densities. Finally, the t W~ mode [|l!| [0| of single top production involves an 
initial state b quark emitting a (close to) on-shell W~ boson, resulting in a t W~ final 
state (c.f. Figure |3]). Because of the massive particles in the final state, this mode has an 
extremely small rate at the Tevatron (0.088 pb), but is considerable at the LHC (51 pb) 
where more partonic energy is available. Each mode has rather distinct event kinematics, 



and thus are potentially observable separately from each other [13, 14, 19 



2 In quoting cross sections, we use a top mass of 175 GeV and CTEQ4M (for s- and t- channel processes) 
and CTEQ4L (for the t W~ mode) parton densities [jl5| with scales chosen as explained in J?j , where 
other choices of parton densities, scale, and top mass are also examined. The rates of t and t are summed 
unless otherwise noted. 
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Figure 3: Feynman diagrams for tW production in the SM. 



As we consider various new physics effects in single top production below, it will be 
important to keep in mind how accurately these rates will be measured at the Tevatron 
Run II and LHC. At the Tevatron, the combined statistical and theoretical uncertainties 
for the s- and t- channel processes will be on the order of 10 — 20% [17) , and the t W~ rate 
will most likely be too small to measure^. At the LHC, the statistical uncertainties will 
be close to zero, and the theoretical uncertainties on the order of 5 — 10% for the s- 
and t-channel processes [|I7|, and on the order of 20% for the tW~ process [19|. How- 



ever, systematic uncertainties (including the efficiency for separating the signal from the 
backgrounds) are likely to dominate these LHC estimates. 

As we will see below, the three modes of single top production are sensitive to quite 
different manifestations of physics beyond the standard model. Thus, taken together, 
they are a comprehensive probe of the top quark's interactions. In this article, we ana- 
lyze several possible signals of new physics that could manifest themselves in single top 
production. These signals can be classified as to whether they involve the effects of a 
new particle (either fundamental or composite) that couple to the top quark, or the effect 
of a modification of the SM coupling between the top and other known particles. These 
two classifications can be seen to overlap in the limit in which the additional particles are 
heavy and decouple from the low energy description. In this case the extra particles are 
best seen through their effects on the couplings of the known particles. One particular 
aspect of both of these sets of new physics is the possibility of CP violation in top ob- 
servables. We will not address this issue in detail; the interested reader is referred to the 
recent review [^U| on this subject. 

This article is organized as follows; in Section [], we investigate what sort of particles 
beyond those in the SM could contribute to single top production at a hadron collider, 
and what effects could be seen. In Section |3], we study the effects of non-standard top 
interactions. In Section |], we examine how one may use polarization observables to further 
learn about nonstandard physics in the top sector. In Section |5| we summarize the picture 
which emerges as the way in which the properties of top may be systematically extracted 
from the available observables. 



3 These estimates do not include systematic uncertainties, which are beyond the scope of this work. 
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2 Additional Nonstandard Particles 



Many theories of physics beyond the SM predict the existence of particles beyond 
those required by the SM itself. Examples include both the fundamental superpartners 
in a theory with supersymmetry (SUSY) |21|, and the composite Higgs bosons found in 
top-condensation and top-color models @, |3|, f|, ||, [| . In order for some kind of additional 
particle to contribute to single top production at tree levelQ at a hadron collider, the new 
particle must somehow couple the top to one of the lighter SM particles. Thus, the new 
particle may be either a boson (such as a W vector boson that couples to top and bottom) 
or a fermion (such as a V quark that couples to the W boson and top). 

Additional fermionic particles can couple the top and either one of the gauge bosons 
or the Higgs boson. In order to respect the color symmetry, this requires that the extra 
fermion occurs in a color triplet, and thus it is sensible to think of it as some type of quark. 
In order to be invariant under the electromagnetic symmetry, this new "quark" should 
have either electric charge (Q) +2/3 or —1/3 so that one may construct gauge invariant 
interactions between the extra quark, the top quark, and the known bosons. Generally, 
we can refer to a Q = +2/3 extra quark as a t' and a,Q = —1/3 extra quark as a b', though 
this does not necessarily imply that the extra quarks are in the same representation under 
SU(2) L x U(l) y as the SM top and bottom. For example, in models where the top mass is 
generated by invoking a seesaw mechanism, there are generally either SU(2) singlet || or 
doublet |J quarks present in the theory. Additional fermions are not generally expected 
to be a large source of new contributions to single top production, because of strong 



constraints from other low energy observables [23|. On the other hand we will see that 
there are models with additional fermions to which single top production is a sensitive 
probe. 

Extra bosons can contribute to single top production either by coupling top to the 
down-type quarks, in which case the boson must have electric charge Q = ±1 in order to 
maintain the electromagnetic symmetry, or by coupling top to the charm or up quarks, 
in which case the boson should be electrically neutral. There is also the possibility of a 
boson carrying a combination of color and electric charge that allows it to couple top to 
one of the lepton fields (this boson would then carry both lepton and baryon quantum 
numbers and thus may be labelled a "leptoquark"). One theoretically well motivated 
example of a leptoquark are the gauge bosons corresponding to the generators of a grand 
unified theory (GUT) linking the SU(2) and SU(3) sectors of the SM. This GUT picture 
has the leptoquark as part of the gauge interactions, so the question as to whether or 
not top observables are an interesting means to study leptoquarks becomes a question as 
to whether or not the leptoquark has some reason to prefer to couple to the top quark. 
These bosons would be expected to have GUT scale masses which in traditional GUT 
theories is far too large to be interesting from the point of view of colliders envisioned in 



4 New particles may also contribute to single top production through loops p2fl, though the effects 
are generally small enough that they are difficult to observe at a hadron collider. 
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the near futureQ. 

Another interesting picture of leptoquarks is one in which the SM quarks and leptons 
are bound states of some more fundamental set of particles (preons). In that case the 
question as to whether or not the top quark is a good place to look for evidence of the 
preons depends on how the model arranges the various types of preons to build quarks and 
leptons. However, at a hadron collider the possible light parton initial states available are 
not suitable for production of a single leptoquark, and thus are not particularly interesting 
in the context of single top production^. For this reason, we will not focus on leptoquarks 
in the discussion below. 



2.1 Extra Quarks 



A simple extension of the SM is to allow for an extra set of quarks. Such objects exist 
in a wide variety of extensions to the SM. Examples of such theories include the top seesaw 
versions of the top-color || and top-flavor || models, which rely on additional fermions 
to participate in a seesaw mechanism to generate the top mass; SUSY theories with gauge 
mediated SUSY breaking [2£| that must be communicated from a hidden sector in which 
SUSY is broken to the visible sector through the interactions of a set of fields with SM 
gauge quantum numbers; and even models with a fourth generation of fermions. 

Direct search limits for QCD production of extra quarks (at the Tevatron, for example) 
require that they be quite massive {m q i > 46 — 128 GeV at the 95% C. L., depending on 
the decay mode [p^] ), and thus they cannot significantly affect the single top production 
rate. They are best observed either through their mixings with the third family (and thus 
their effect on the top couplings), or through direct production. 

As a particular example, a fourth generation of quarks could mix with the third 
generation through a generalized Cabibbo-Kobayashi-Maskawa (CKM) matrix, and this 
could allow V t b to deviate considerably from unity. In this case, all three modes of single 
top production would be expected to have considerably lower cross sections than the SM 
predicts. This already shows how the separate modes of single top production can be used 
to learn about physics beyond the SM. Other types of new physics could scale the three 
rates independently. Thus, if all three modes are measured to have cross sections that are 
the same fraction of the SM rates, it is an indication that the new physics modifies the 
top's coupling to the bottom and W (and not another pair of light particles), and further 
that the modification is the same regardless of the momentum flowing through the vertex 
(as is the case with the W-t-b interaction in the SM). 

In fact, it is instructive to examine the experimental constraints on the CKM matrix 

5 However, a GUT theory in 5 space-time dimensions could unify at the TeV scale and would be 
accessible to the current generation of hadron colliders through a number of observables. 

6 It is interesting to note that a leptoquark (L) with Q = +2/3 could play an important role in top 
decays through a process such &st^vL^vbl + |^5| . This leads to a final state that is identical to a 
SM top decay, but with a very distinct kinematic structure. 
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Figure 4: Feynman diagram for s-channel production of a single top and a b'\ qq' — > t b'. 
when one does not impose three family unitarity. The 90% CL. direct constraints become 

El, 

/ 0.9722 - 0.9748 0.216 - 0.223 0.002 
0.199 - 0.233 0.784- 0.976 0.037 
-0.09 0.0 -0.55 0.06 - 

V 

with two striking differences from the 3 generation matrix; V t b may be significantly smaller 
than unity (as mentioned above) but also that Vts may be as large as 0.55. (For com- 
parison, the corresponding limit on V ts with 3 generations is 0.035 < \V ts \ < 0.043 [[23"] ). 
| Vt s | = 0.043 has a negligible effect on the t-channel rate of single top production, con- 
tributing much less than 1% of the total rate at either Tevatron or LHC However, if 
| Vts | — 0.55 and \V t b\ = 0.835 (which saturates the unitarity requirement for any number 
of families^]), the NLO t-channel rate will rise to about 4.07 pb at the Tevatron Run II and 
334 pb at the LHC, thanks to the much larger s quark parton density compared to the b 
quark. These are huge deviations from the SM rates, and would be a clear indication of 
new physics. Under these conditions, the s-channel rate, which would fall to \V t b\ 2 ~ 0.7 
of its SM rate. Similarly to the t-channel mode, the tW~ rate will be enhanced to 0.19 
pb at the Tevatron and 78.1 pb at the LHC under these conditions. 

In addition to mixing effects, one could also hope to observe direct production of one 
of the fourth generation quarks, through reactions such as qq' — > tb', shown in Figure 
This process would provide further information on the family structure of the 4 generation 
model (Vtb') not readily available from the QCD production of b'b'. The production rates 
will depend on the magnitude of the W-t-b' coupling (|V^/| 2 in the model with a fourth 
family) and the mass of the b'. In Figure [| we present the NLO rate for tb' production 
(as well as ib' production) without any decay BR's. Since the \Vtb>\ 2 dependence may be 
factored out, these rates assume Vtv = 1. The collider signatures resulting from such a 
process depend on the decay modes available to the b' . If my > m t + raw, it is likely to 
decay into a top quark and a W~ , and the events will have a tt pair with an additional 
W ± boson. If this decay mode is not open, loop induced decays such as b' — > 67 may 

7 This choice of V t b and V ts is consistent with the CDF measurement T(t — » W + b)/[T(t — > W + b) + 
r(t - w+ s) + T(t - W+ d)] = 0.87±g;|g±g;i? @. 



- 0.005 ... \ 

- 0.043 ... 

- 0.9993 ... 
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become important, resulting in a signature tb plus a hard photon whose invariant mass 
with the b quark will reconstruct the mass of the b'. 



2.2 Extra Gauge Bosons 



Another simple extension of the SM is to postulate the existence of a larger gauge group 
which somehow reduces to the SM gauge group at low energies. Such theories naturally 
have additional gauge bosons, some of which may prefer to couple to the top (or even the 
entire third family). Examples of such theories include the top-color || and top-flavor 
j|, [5], H models, and gauged-flavor symmetry models which give special dynamics to 
the third family in order to explain the large top mass. As a specific example, we will 
consider the top-flavor model with an extra SU(2) h gauge symmetry that generates a top 
mass through a seesaw effect ||. 

This model has an over-all gauge symmetry of SU(3)cX SU(2) /i x SU(2);X U(l)y, 
and thus there are three additional weak bosons (W r± and Z'). The first and second 
generation fermions and third family leptons transform under SU(2);, while the third 
generation quarks transform under SU(2)h. As was alluded to before, in order to cancel 
the anomaly and provide a seesaw mechanism to generate the top mass, an additional 
doublet of heavy quarks whose left-handed components transform under SU(2) ; and right- 
handed components transform under 811(2)^ is also present. 

A set of scalar fields transforming under both SU(2)/ and SU(2)/j acquire a VEV, u, 
and break the symmetry to SU(2); + /jX U(l)y. From here the usual electro-weak symmetry 
breaking can be accomplished by introducing a scalar doublet which acquires a VEV v, 
further breaking the gauge symmetry to U(1)em- We write the covariant derivatives for 
the fermions as, 

D" = d^ + igiTfW^ + ighTZW^ + igt^B^ (2) 

where are the generators for SU(2) Z (/i), Y is the hyper-charge generator, and 

and are the gauge bosons for the SU(2)^) and U(l)y symmetries. The gauge couplings 

may be written, 

6 6 6 

& = ~ T_ Z 7 ' 9h = ~. 7i > 91 = ~ a > ( 3 ) 

sin V w cos <p sin t) w sin <p cos fcV 

where is a new parameter in the theory. Thus this theory is determined by two additional 
quantities x = u/v , the ratio of the two VEV's, and sin 2 <p, which characterizes the mixing 
between the heavy and light SU(2) gauge couplings. 

At leading order, the heavy bosons are degenerate in mass, 



-VVir .U„-'( , 2 / +™^). (|) 

sin <t> cos^ d) cos z I 
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Figure 5: The NLO rates (in pb) for the process qq' — > W* — > tb' for various b' masses at 
the Tevatron (solid curve) and LHC (dashed curve), assuming V t y = 1. At the Tevatron, 
the rates of qq' — > W* — > t b' is equal to the 1 5' rate. The t b' rate at the LHC is shown 
as the dotted curve. 
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Figure 6: Feynman diagrams illustrating how a W boson can contribute to single top 
production through qq' — > W — > t b. 

where M 2 = 4sin . e e " cos2g ■ We can thus parameterize the model by the heavy boson 
mass, Mz'-i and the mixing parameter^, sin 2 0. Low energy data requires that the mass 
of these heavy bosons, M z >, be greater than about 900 GeV 0. 

The additional W boson can contribute to the s-channel mode of single top production 
through virtual exchange of a W as shown in Figure ^| [P9fl . In particular, if enough energy 
is available, the W may be produced close to on-shell, and a resonant enhancement of the 
signal may result. Since the additional diagrams involve a virtual W, they will interfere 
with the SM ^-exchange diagrams, and thus the net rate of single top production can be 
increased or decreased as a result, though the particular model under study always results 
in an increased s-channel single top rate^|. In Figure |7] the resulting NLO s-channel rate 
for qq' — > W, W — > t b at Tevatron and LHC is shown, as a function of the W mass, 
for a few values of sin 2 <f>. The rate for i production through the same process is shown 
as well. While the final state particles for this case are the same as the SM s-channel 
mode, the distribution of the invariant mass of the tb system could show a Breit-Wigner 
resonance effect around Mjy/, which serves to identify this type of new physics. However, 
if the mass of the W is large compared to the collider energy, and its width broad, the 
resonance shape can be washed out even at the parton level. Jet energy smearing from 
detector resolution effects will further degrade the resonance and could make it difficult 
to identify. 

A t-channel exchange of the W is also possible, but in that case a negligible effect is 
expected because the boson must have a space-like momentum, and thus the additional 
contributions are suppressed by 1/M^,, and are not likely to be visible. This argument 
applies quite generally to any heavy particle's effect on single top production. The s- 
channel rate is quite sensitive to a heavy particle because of the possibility of resonant 
production, whereas the t-channel rate is insensitive because the space-like exchange is 
suppressed by the heavy particle mass. 

8 As shown in pj, for sin 2 </> < 0.04, the third family fermion coupling to the heavy gauge bosons can 
become non-perturbative. Thus we restrict ourselves to considering 0.95 > sin 2 <p > 0.05. 

9 One interesting example of a model with a W that interferes non-trivially with the SM W exchange 
in single top production is provided by embedding the gauge fields in extra dimensions |24|, ^| . 
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Figure 7: The NLO rate of qq' — > W, W — > t b (a s ) in pb at the Tevatron (lower curves) 
and LHC (upper curves), for the top-flavor model with sin 2 = 0.05 (solid curves) and 
sin 2 = 0.25 (dashed curves), as a function of Mz> = M w >. The Tevatron cross sections 
are multiplied by a factor of 10. At the Tevatron, the i production rate is equal to the t 



rate. At the LHC the t rates are shown for sin 2 . 
(dot-dashed curve). 



0.05 (dotted curve) and sin <p = 0.25 
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Figure 8: Feynman diagram illustrating how a charged top-pion can contribute to single 
top production through cb — ► n + — > tb. 



Clearly, the existence of a W will not influence the rate of t W~ production, but it 
could allow for exotic production modes such as bg —>■ tW. If the W has a strong 
coupling with the third family, then one would expect that its dominant decay should be 
into b i, and thus a final state of t i b would result with the t b invariant mass reconstructing 
the W mass. Current limits on the W mass in the top-flavor model make this mode non 
viable at the Tevatron and unpromising at the LHC, with a cross section of 1.14 pb 
for Mw = 900 GeV and sin 2 = 0.05 including the large QCD logarithmic corrections 
described in [|I9" |. However, an observation of this signal would be a clear indication of 
the nature of the new physics. 



2.3 Extra Scalar Bosons 



Scalar particles appear in many theories, usually associated with the spontaneous 
breaking of a symmetry in a Lorentz invariant fashion. In the SM and the minimal 
super symmetric extension, fundamental scalar fields of both neutral and charged character 
are present in the theory, and some are expected to have a strong coupling with the top 
because of the role they play in generating fermion masses. In dynamical models such 
as the top-condensate and top-color assisted technicolor models, scalar particles exist as 
bound states of top and bottom quarks |2|, [3], |], || |!J . These composite scalars also have a 
strong coupling to the top because of their role in the generation of the top mass. Another 
way to look at this is that the top mass is large because the strong forces needed to bind 
tops into Higgs result in a strong Higgs coupling to top. This illustrates the fact that the 
large top mass naturally makes it a likely place to look for physics associated with the 
EWSB. 

An example is provided by the charged composite top-pions {tt ± ) of the top-color 
model, which can be produced in the s-channel through cb fusion |HJ, cb — ► n + — ► tb. 
The leading order Feynman diagram is shown in Figure |8|. In this case the strong 7r + - 
c-b coupling comes from mixing between the right-handed t and c quarks. The CKM 
matrix is the product of the left-handed rotation matrices for the up- and down-type 
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quarks, so it does not constrain a possibly large right-handed t and c mixing. The fact 
that this interaction has a right-handed nature will prove interesting when we study top 
polarization below. 

Like the W, the r n ± contributes to the s-channel topology of single top production and 
can allow large resonant contributions. However, unlike the W, the ir + does not interfere 
with the SM amplitudes (q'q — ► to), because the SM contribution arises dominantly from 
(left-handed) light quarks. In Figure |9|, we present the NLO single top rate from the 
top-pion process P2| , for a variety of it^ masses with the tn-CR mixing set equal to 20%. 
The two other modes of single top production are once again relatively insensitive to the 
ti^. The t-channel process is insensitive because its contribution is suppressed by 1/M 2 ± 
and the fact that the ir does not couple to light quarks. The t W~ mode is insensitive 
because presumably the 7r =l= is generally distinguishable from a boson. For example, 
gb — > 7r~ t — > ibt will not be mistaken for tW~ production when 7T~ predominantly 
decays into t and b, as in the topcolor model. 

Single top quarks can also be produced by neutral top-pions (produced for example 
from gg — > 7r° decaying into tc. Again, one expects to see a large effect in the s-channel 
single top mode, and no effect in the t-channel and t W~ modes, because of the large 7r° 
mass and small coupling to light quarks f33fl . 

Different types of scalar particles that couple top and bottom can be analyzed in a 
similar fashion. The s-channel mode allows for resonant production, which can show a 
large effect, whereas the t-channel mode is suppressed by the space-like momentum (and 
large mass) of the exchanged massive particle. The t W~ mode is insensitive because in 
that case the W is actually observed in the final state. One example of this kind are 
the technipions in a technicolor model which can contribute to single top production in 
this way [Q. Another example is provided by SUSY models with broken i?-parity, in 
which the scalar partners of the leptons (sleptons) can couple with the top and bottom 



quarks, and will contribute to single top production Pq| , or through reactions such as 
ds — ► t — > t%H ||36|| . (See Figures 10 and 11 for their representative Feynman diagrams.) 



As a final note, there is the interesting process in which a neutral scalar (like the 
Higgs boson of the SM) is produced in association with a single top quark [[J7|]. Feynman 
diagrams are shown in Figure [12|. This process is of interest because while the magnitude of 
the h-W-W and h-t-t couplings can be measured independently by studying qq' — »■ W* — > 
W h and qq(g g) — > hti (or the equivalent processes at a high energy lepton collider), the 
relative phase between the couplings can be found from the process qb — > q'th, as that 
phase information is contained in the interference between the two diagrams shown in 
Figure O. This process is extremely small compared to the other two mentioned (with a 
SM cross section of 4.4 x 10~ 2 fb at the Tevatron and 0.06 pb at the LHC for a Higgs boson 
of mass (rrih) 110 GeV, and including both t and t production), and thus it is not promising 
a discovery mode. The small SM rate results from the large destructive interference 
between the two diagrams. Typically, it yields a reduction in the rate as compared to the 



contribution from each individual diagram by about an order of magnitude. In Figure 13 



we show the contributions from each Feynman diagram containing either h-t-t or h-W-W 
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Figure 9: The NLO rate of single top production through the reaction c6^7r + ^t6asa 
function of M n ±, assuming a £_r-cr mixing of 20%. These rates include t and t production, 
which are equal for both Tevatron and LHC. 
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Figure 10: Illustrative Feynman diagram for the i?-parity violating production of a single 
top quark through the reaction u l d? — > td k . 




Figure 11: Illustrative Feynman diagram for the i?-parity violating production of a single 
top quark through the reaction ~c? d° — > t — > t x^. 




Figure 12: Feynman diagrams for associated production of a neutral scalar and single top 
quark: qb — > g' t /i. 



vertex to the total production rate of q'ht as a function of rrih at Run II of the Tevatron 
and the LHC. Though the rates at the Tevatron are very small in the SM, with the 
enhanced coupling of h-t-t predicted by some models of new physics, this process could 
conceivably be observed there. The strong cancellation predicted by the SM indicates 
that this process is very sensitive to any physics that modifies the relative phase (and 
size) between the h-t-t and h-W-W couplings from the SM relation. Thus, it contains 
important information not available in the Wh and htt processes, and should be carefully 
tested experimentally. 
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Figure 13: The cross section for production of Higgs in association with a single top 
quark, as a function of the Higgs mass at the Tevatron Run II (lower family of curves) 
and the LHC (upper family of curves). The cross sections are shown for models in which 
the Higgs couplings are completely SM-like (solid curves), the coupling to the W ± boson 
is zero and the coupling to top is SM-like (dotted curves), the coupling to top is zero and 
the coupling to W ± is SM-like (dashed curves), and the coupling to W ± is SM-like and 
the coupling to top is —1 times the SM coupling (dash-dotted curves). 

3 Modified Top Quark Interactions 



Another interesting set of properties of the top that can be studied in single top 
production are the top couplings to light particles. The electroweak chiral Lagrangian [pq| 
(EWCL) provides a powerful way to study such effects model-independently. Following 
the EWCL approach, we write an effective Lagrangian to describe low energy physics as, 

C e ff = C S M + £4 + £5 + (5) 

where Csm refers to the usual SM Lagrangian, and £4 and £5 are the Lagrangians contain- 
ing deviations from the SM in terms of operators of mass dimension 4 and 5, respectively. 
The spirit of the EWCL approach is that higher order operators will generally be sup- 
pressed by higher powers of A, the scale at which the effective theory break down. Thus, 
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for low energy processes occuring at energies below A the lowest dimension anomalous 



operator is expected to provide the largest effect p9| . We choose the effective Lagrangian 
to realize the weak symmetry nonlinearly, as this is the most general possibility . This 
is most appropriate for a strongly interacting underlying theory, which may not contain 
a Higgs doublet in any real sense. If the underlying theory is weakly coupled, it is most 
likely more appropriate to describe the new physics effects in terms of a theory with the 
weak symmetry realized linearly, in which case all nonstandard effects will be suppressed 
by at least one power of A. 

Terms which have the potential to modify single top production include mass dimen- 



sion 4 operators |4l| 



V2 sin Ow v J 

2 sin Ow cos 6w \ / 

which can be classified as two charged current operators which modify the SM top weak 
interactions with the W boson and b quark, as well as two flavor-changing neutral current 
(FCNC) operators involving the Z boson, t, and c quarks. Additional dimension 4 FCNC 
operators with the c quark replaced by the u quark are also possible. We have included 
the CP violating phases 4>wtb(ztc) m ^ ne interactions for generality, though they are not 
always considered in the literature. 

We note that the anomalous Z-t-c and W-t-b interactions would have first appeared at 
dimension 6 if the electroweak symmetry were realized linearly. This would lead to the es- 
timates Kwtbi K ztc ~ 0(v 2 /A 2 ) where v is the electroweak symmetry breaking VEV. There 
are also operators such as (i c) (cu) , a four fermion contact interaction, which first appear 
at dimension 6, the linearly realized situation should also include these possibilities in 
the analysis. These genuine dimension 6 operators have very different energy dependence 
than the dimension 4 operators we have considered, which might allow one disentangle 
their contributions by careful study of the kinematics of the single top events. 

In addition there are dimension 5 operators that involve interactions between new sets 
of particles and the top0 and can contribute to single top production. These include the 
FCNC operators, 



gsGi 

2eF, 



£ 5 = ( e' K L gtc c T a o» v P L t+ e l k% c T a o» v P R tj (7) 

e* ^ tc < c c a*" PLt + e' k* c c a» v P R tj + H.c, 



I ^ 

3 ArytC 



10 There are also dimension five operators involving the sets of particles that already appear in Equa- 
tion (||) |4^| . As discussed above, naive dimensional analysis suggests that these operators are less 
significant than their dimension four counterparts, so we limit £5 to the dimension 5 operators which 
involve only new sets of fields. 
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which couple the charm quark to the top and gluon or photon fields. Once again, we 
have included CP violating phases (j^^rtc) wmcn are not generally considered in the 
literature. Additional operators with the charm replaced by the up quark are also possible. 
As dimension 5 operators, these terms have couplings with dimension of inverse mass 
that have been written in the form of K^ tc /A gtc and n^ tc /A ltc , where A = L,R. In the 
discussion below, we will consider only the cases where all of these k couplings are 1, and 
consider the magnitude allowed for the scales A gtc and A 7ic . If the underlying theory is 
strongly coupled, these mass scales may be thought of as the energy scale in which the 
SM breaks down and must be replaced with the underlying theory. However, it should 
be kept in mind that if the underlying theory is weakly coupled, this interpretation is 
somewhat obscured by the fact that the energy scales A will also include small factors of 
the fundamental (weak) interaction strength and loop suppression factors. Even in this 
case, an experimental constraint on A is very useful because it will provide constraints on 
the parameters of an underlying model of new physics. 

The dimension 4 terms which modify the W-t-b vertex will clearly have a large impact 
on single top production fi~3|. However, Ky^ tb is already very strongly constrained by low 



energy fe — > 37 data |]44||, which requires E) 



- -0035 > ( K* tb cos <P* tb + 20 K% tb ) < 0.0039, (8) 

provided that n^th ls smaller than 0.2. Further, the CP-violating observable that measures 
the asymmetry in the decay rates of b — > sX and b — > sX can test the imaginary part 
of the right-handed charged current coupling, i.e. K^ b sin0^ tfe |45|]. Given this strong 



constraint, it is unlikely that further information about Kyytb can be gleaned from single 
top production, so we will assume &wtb = in the discussion below. Although the b — > 57 
process does not provide a good test of the left handed, CP-odd, W-t-b coupling, i.e. 
Kwtb s i n $wtbi there are other £>-decay processes with a good potential to measure it at 
future B factories. In particular, the hadronic channels Ba —>■ <pK s and Bj — > ^>K S have 
been considered in Ref. ^6j. Assuming ^ tb = 0, all three single-top production modes 



are sensitive to ft^ tfe , and will be proportional to (1 + K^ tb ''cos 2 ' 4>wtb + 2 i^wtb cos fiwtb) 
much the same way that they will all be sensitive to V t b in the SMQ 

The flavor-changing neutral current terms in £ 4 and £5 will also contribute to sin- 
gle top production, and since they involve particles lighter than the top mass, will also 



contribute to top decays through Feynman diagrams such as those shown in Figure [LJ, 
which illustrate FCNC t decays to c. The FCNC interactions between t and u will allow 
for exotic decays of the same type, but with the c quark exchanged with a u quark. One 
could hope to learn about these anomalous FCNC couplings both by studying single top 
production and top decays. However, this brings us back to the problem with using top 
decays to determine the magnitude of a coupling - the decay can provide information 



11 This is because the dimension 4 term that is proportional to K^ tb in £4 does not depend on the 
momenta of the interacting particles, as is the case for the SM W-t-b interaction. For higher dimension 
W-t-b operators, which may depend on the momenta, each single top mode will respond differently to 
the new interaction, and thus could be used to distinguish one operator from another. 
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Figure 14: Feynman diagrams showing FCNC top decays through (a) t — > Z c, (b) t — > 7 c, 
and (c) t — > g c. 

q- - t 




Figure 15: Feynman diagram showing how a FCNC Z-t-c interaction contributes to the 
s-channel mode of single top production through q q — > Z* — > t c. 



about the relative branching fraction of the exotic decay compared to the SM top decay 
t — > W + b, but since it does not allow one to measure the top decay width, it cannot 
provide a limit on the size of the exotic operator without first making an assumption 
concerning the nature of the W-t-b interaction. In fact, one might think that single top 
would suffer from the same difficulty in distinguishing the magnitude of new physics in 
the W-t-b interaction from new physics in a FCNC interaction. However, as we shall see, 
one can use the three modes of single top production separately to disentangle the FCNC 
new physics from the possibility of W-t-b new physics. 

The three FCNC operators have a similar structure of a light c (or u) quark interacting 
with a top and a neutral vector boson. Thus, we can discuss their impact on the three 
single top processes rather generally by considering the specific example of the Z-t-c 
operator. In examining the FCNC operators in Equations (||) and (0), we note that they 
can have left-handed and right-handed interactions with different interaction coefficients 
(and even different phases). For now we will restrict our discussion to the case where all 
of the phases are zero, and discuss only the magnitude of the interactions, set by A gtc , 
A 7te , and nztc- We will return to the subject of exploring their chiral structure when we 
consider top polarization in Section |j. 

The Z-t-c operator will allow for additional contribution to the s-channel mode of 
single top production through reactions such as qq — > Z* — > tc, shown in Figure [L5. 
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Figure 16: Feynman diagrams showing how a FCNC Z-t-c interaction contributes to the 
exotic mode of single top production g c — > t Z. 



This reaction has different initial and final state from the SM s-channel mode, and thus 
this new physics contribution does not interfere with the SM contribution to single top 
production. (The FCNC Z-t-c coupling can be induced at the loop level in the SM via 
the CKM mechanism, but its magnitude is small and can be neglected in our analysis.) 
The fact that the new physics process has a c instead of a b in the final state has a drastic 
practical consequence that the new physics production mechanism probably cannot be 
experimentally extracted at all, because in order to separate the s-channel mode from 
the large ti and VT-gluon fusion backgrounds, it is necessary to tag the b produced in 
association with the top in the s-channel mode, in addition to the b from the top decay. 
Thus, while a FCNC operator could contribute to s-channel production of a single top, it 
will not be counted as suchQ 

The t W~ mode cannot receive a contribution from a FCNC, though a FCNC will 
generally allow for new exotic production mechanisms such as g c — > t Z shown in Figure ITB 
§47|| . From this consideration, along with the analysis of the t W~ mode in Section |2|, we 
see that the t W~ mode has a special quality because both the top and the W are in the 
final state (and thus identifiable). Thus, it is sensitive to new physics which modifies the 
W-t-b interactionP], but it is not sensitive to nonstandard physics involving new particles 
or FCNC's. Thus, the t W~ mode represents a chance to study the W-t-b vertex without 
contamination from FCNC new physics. 

The W-^-gluon fusion mode of single top production is quite sensitive to a FCNC in- 
volving the top and one of the light partons, through processes such as c q — > t q, from 



Feynman diagrams such as those shown in Figure [TF[ The FCNC operators involve a dif- 
ferent set of spectator quarks in the reaction, and thus they do not interfere with the SM 
t-channel process. In fact, because the IV-gluon fusion mode requires finding a b inside a 
hadron, which has less probability than finding a lighter parton, the FCNC's involving u 



12 It could be possible to search for s-channel production via a FCNC with a specialized strategy differing 
from the usual one employed to extract the W* process, but such a search will require identifying the c 
produced in association with the top, and will suffer from large backgrounds from 1 1 and IF-gluon fusion 
single top processes. 

13 Of course it is also sensitive to the W-t-s and W-t-d interactions. 
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Figure 17: Feynman diagram showing how a FCNC Z-t-c interaction contributes to the 
t-channel mode of single top production through cq — > tq. 

or c quarks already receive an enhancement relative to the SM t-channel rate purely from 
the larger parton densities for the lighter flavors. This can somewhat compensate for a 
(presumably) smaller FCNC coupling. This shows the sense in which the t-channel single 
top mode is sensitive to the top quark's decay properties. The same type of new physics 
which opens up new top decay modes (and thus modifies the top's total width) will also 
modify the t-channel rate of single top production, because the same light partons into 
which the top may decay are also responsible for producing single tops in the t-channel 
process. Thus, one can think of the t-channel process as a kind of measure of the inclusive 
top width. 

Because of the strong motivation to use single top production to study FCNC operators 
involving the top quark, detailed simulations of the effect of the g-t-c operator on single 
top production were performed f48|, and found that this operator could be constrained 



by the process q q — > t c to A gtc > 4.5 TeV at Run II of the Tevatron if no new physics 
signal were to be found. Further refinements on this idea jOJ showed that it could be 
improved by including other reactions such as g c — > t, g c ^ gt, qc ^ tq, and g g — > tc 
to A gtc > 10.9 TeV at the Tevatron Run II and to A gtc > 164 TeV at the LHC. 

Detailed simulations of the Z-t-c and j-t-c operators have so far been confined to 
studies of top decays |5(], |52], |5T|. The left-handed Z-t-c FCNC operator, whose strength 



is parameterized in Equation (^) by the quantity |/% tc | is constrained by low energy data 
on flavor-mixing processes to be less than the order of mag nitude of 0.05 ||. The right- 
handed operator is more loosely constrained from low energy data by |/tf ic | < 0.29 |52 |. 
While these limits are very interesting, they are indirect limits because all of the fields 
in the anomalous operators are virtual, and thus there could be cancellations between 
the Z-t-c (or j-t-c) operators and other nonstandard physics, and thus the single top 
production processes, as direct constraints, are independently valuable. Studies indicate 
that from Run II of the Tevatron, top decays should provide constraints of A gtc > 7.9 TeV 
K ztc — 0-3 |5"2]1 , and will not improve the bounds on A 7ic from the current 5 — > 57 



limit of about 5 TeV [51], unless a new physics signal is found. Of course, as we have 



argued before, it was necessary to assume a SM W-t-b interaction in order to use decays 
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to say anything at all about these operators. The effect of the Z-t-c operator to the 
inclusive i-channel production rate is approximately independent of whether or not the 
operator is left-handed or right-handed, and thus in the discussion below we consider Kztc, 
which can be taken either as K^ tc or Kztc- The effect of these operators on the i-channel 
cross section is to contribute an additional 0.13 pb at the Tevatron Run II and 12.6 pb 
at the LHC, assuming Kztc — 0.29, and including the NLO QCD corrections for both t 
and i production. (These should be compared with the SM rates of 2.4 pb and 243 pb, 
at Tevatron and LHC respectively.) 

As pointed out above, the constraints ft^ tc , ftf ic < 0.05, 0.29 were obtained by analyzing 
the low energy data with certain assumptions made for the underlying theory . When 



additional new physics effect is added to the effect of the Kztc coupling to the low energy 
data, it may turn out that a large cancellation among various sources allow the size of 
K Z tc to be at the order of 1. Hence, a direct test at high energy colliders by studying 
the single top production is necessary to conclusively determine the coupling K Ztc . For 
Kztc = 1, the expected additional single top production rate for the W^-gluon mode is 1.56 
pb at Run II of the Tevatron, and 146 pb at the LHC, which in both cases would clearly 
be observable as deviations from the SM rates ]T7[ . The 7-i-c operator can be studied at 
a hadron collider through the reaction 7 c — ► t (where the photon is treated as a parton 
inside the proton), though this exotic production mechanism suffers from potentially large 
SM backgrounds. In contrast, an electron Linear Collider will be better suited for this 
task. 



4 Polarization 



The polarization of top quarks represents another way to probe the properties of top 
interactions. In the SM, the W-t-b vertex is entirely left-handed, which means that the 
top polarization information is passed on to the W boson and b quark into which the 
top decays. Since the W interaction with the light fermions into which it decays is also 
left-handed, the W polarization information is thus also reflected in the kinematics of its 
decay products. The same weak interaction is also responsible for single top production, 
which has the consequence that single tops also show a large degree of polarization. The 
discussion below is based on the SM amplitudes for top production and decay presented 
in 
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4.1 The W + Polarization: The W-t-b Interaction 

In order to probe the chiral structure of the W-t-b interaction, it is enough to consider 



the W polarization of top decays. As was shown in [13 , the left-handed nature of the SM 



interaction demands that the produced W bosons be either left-handed or longitudinally 
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polarized,^ and predicts the fraction of the longitudinally polarized W bosons from top 
decays to be 



m 2 t 



'° = 55^? - 70% - (9) 

The degree of W polarization from top decays can be reconstructed by studying the 
angle between the charged lepton momentum (defined in the W rest frame) and the W 
momentum defined in the top rest frame [TBI]. Since ti pairs are predominantly produced 



by QCD interactions (qq,gg — > ti), which conserve parity, the top quark is not polarized 
in its inclusive production, though there are correlations between the t and i spin at the 
Tevatron because the dominant production is through a spin 1 gluon |43| . Hence, it is best 



to study top decays in tt events to test the SM left-handed nature of the W-t-b coupling 
by verifying the fraction of left-handed W bosons from top decays to be (1 — /o). 

When probing the W-t-b interaction from top decays, the W and b are observed, thus 
one can be sure that it is this interaction that is responsible for the effect one is seeing, 
which may not be the case if there is new physics in single top production. Once the chiral 
structure of the W-t-b interaction is determined, one can then employ this information to 
unfold the top decay and reconstruct the polarization of the top itself, as will be explained 
below. 



4.2 The Top Polarization 



Once the chiral structure of the W-t-b interaction has been probed through top decays, 
and the SM left-handed structure verified, the top decay products can be used in order 
to study the polarization of the produced top quarks themselves. As we will see, this 
can be very useful in determining what sort of new physics is responsible for an observed 
deviation in single top production. Currently, there are two important bases for describing 
the top polarization. The usual helicity basis measures the component of top spin along 
its axis of motion (in the center of mass frame - because the top mass is large, its helicity 
is not a Lorentz invariant quantity). The so-called "optimized basis" [54j] relies on the SM 
dynamics responsible for single top production in order to find a direction (either along 
the direction of one of the incoming hadrons or produced jets) which results in a larger 
degree of polarization for the top quark. In the discussion below, we will describe the 
modes of single top production in both bases, and analyze the particular strengths and 
weaknesses of each. 

Before looking at a particular process or basis, it is worth describing how one can 
determine the top polarization from its decay products in the decay mode of t — > W + b — > 
£ + Vi b [[HJ . A simple heuristic argument based on the left-handed nature of the W 
interactions and the conservation of angular momentum can be made, and is displayed 



4 We neglect the tiny mass of the bottom quark, as is justified given (mb/Mw) 2 ~ 3.6 x 10 
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(a) 



(b) 




Figure 18: A diagram indicating schematically the correlation between the charged 
lepton (e 1 * 1 ) from a top decay, and the top spin, in the top rest frame. The arrows on 
the lines indicate the preferred direction of the momentum in the top rest frame, while 
the large arrows alongside the lines indicate the preferred direction of polarization. The 
figures correspond to top decay ((a) and (b)) and i decay ((c) and (d)) for the cases when 
the intermediate W boson is longitudinally polarized ((a) and (c)) or left-handed ((b) 
and (d)). In all cases, the e + (e~) from a t (t) decay prefers to travel along (against) the 
direction of the t (t) polarization. 



diagrammatically in Figure [18]. The analysis is carried out in the rest frame of the top 
quark. When the W boson is longitudinally polarized, it prefers to move in the same 
direction as the top spin, cf. Figure |TB|(a). Its decay products prefer to align along the 
W polarization, and since the W is boosted in the direction of the top polarization, the 
charged lepton again prefers to move along the top spin axis. In the left-handed W case, 
the fact that the b quark must be left-handed forces it to move along the direction of the 
top polarization, cf. Figure |i~8|(b). The W thus moves against this direction. When the W 
decays, the charged lepton (£ + ) must be right-handed, so it prefers to move against the W 
direction, in the same direction as the top polarization. Also shown in Figures |l8|(c) and 
|TB|(d), a similar argument can be made for the i spin, but in this case the charged lepton 
prefers to move against the i spin axis. From this point onward, we restrict our discussion 
to top quarks, but it should be clear how they apply to t as well. The simple angular 
momentum argument is reflected in a more detailed computation of the distribution |5F 



= ^(l + cos£), (10) 
1 a cos v 2 

where 9 is the angle between the direction of the charged lepton and the top polarization, 
in the top rest frame, and V is the partial width for a semi-leptonic top decay in the SM. 
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In principle, one has only to decide on a scheme for relating the top polarization to some 
axis, and one can fit the distribution, 

A 1 — A 

F(cosfl) = -(1 + cosfl) + — ^— (l-cos0), (11) 

to determine the degree of polarization (A) along this axis. In practice, there are compli- 
cations arising from the fact that the endpoints of the distribution tend to be distorted 
by the kinematic cuts required to isolate the signal from the background, and the fact 
that in reconstructing the top rest frame, the component of the unobserved neutrino mo- 
mentum along the beam axis (pi) is unknown. One may determine this quantity up to a 
two-fold ambiguity by requiring the top decay products to have an invariant mass that is 
close to m t . However, the ambiguity in this procedure will also have some effect on the 
distribution, and so careful study is required. One can also use the asymmetry between 
events with cos# > and cos 8 < to characterize the degree of polarization of the top, 
which may be helpful if the data set is limited by poor statistics. 



4.2.1 W* Production 



The degree of top polarization in the s-channel W* process is straight-forward to 



compute in the helicity basis |13| . Using the CTEQ4M PDF's, we find that at the tree 
level about 75% of the top quarks produced through the s-channel process at the Tevatron 
are left-handed, and 76% of them are left-handed at the LHC [[R| . 

The optimized basis improves the helicity basis result at the Tevatron by noting that 
in the SM, the W* process produces top quarks whose polarization is always along the 
direction of the initial anti-quark involved in the scattering. At the Tevatron, the vast 
majority (~ 97%) of these anti-quarks come from the p (which has valence anti-quarks). 
Thus, one expects that by choosing to measure the top polarization along the p direc- 
tion in the top rest frame, one can raise the degree of polarization from 75% to 97%. 
This represents a large improvement for Tevatron polarization studies of the W* process. 
However, at the LHC there are no valence anti-quarks, and thus no optimized basis to 
analyze the W* top polarization. In that case, the helicity basis is the sensible basis to 
analyze the polarization of the top quark, and results in a fair degree of left-handed top 
production. 



4.2.2 PU-gluon Fusion 



The discussion of polarization in the H^-gluon fusion process is somewhat tricky, mostly 
owing to the fact that the detailed kinematics of this process are sensitive to higher orders 
of perturbation theory ]12| . It is clear that the kinematic region described by the process 
q b —>■ q' t is the dominant one, but a precise calculation of the interplay between the 2^2 
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scattering contribution and the 2^3 scattering contribution is still lacking. Thus, one 
must be careful in claiming what degree of polarization results from a particular basis. 

In the helicity basis, the 2^2 description has the top quarks 100% left-handed 
when produced from the uh — > dt sub-process. In fact, at both Tevatron and LHC the 
db — > ut sub-process is quite small, and thus the over-all degree of polarization is about 
97%. On the other hand, the 2 — > 3 description shows a degree of polarization that is much 
lower, and depends on the choice of the regularization scheme for the collinear singularity 
(e.g., the bottom mass) used in the computation. This is an indication that this method 
of computation is not perturbatively stable. Thus, it is fair to say that the degree of 
polarization in the helicity basis is high, but at the moment no reliable determination is 
available. This situation should be improved by including higher order QCD corrections 
in IV-gluon fusion simulation. 

The optimized basis once again makes use of the fact that the top polarization is 
100% along the direction of the spectator anti-quark in the reaction. At both Tevatron 
and LHC, this is dominantly the spectator jet in the final state. This basis thus results 



in a top which is about 96% polarized along the direction of the spectator jet. In [j54[], it 



was shown that this basis is not sensitive to the value of the bottom mass, and thus is 
perturbatively reliable. In other words, higher order QCD effects are unlikely to have a 
large impact on the degree of top polarization in the optimized basis. 



4.3 New Physics and Top Polarization 



As we have seen, new physics may alter the structure of single top production. It 
may be that the new physics effects will reveal themselves, and tell us something about 
their nature by causing a large deviation in one or more of the single top production cross 
sections. In that case one can study the distribution of the top polarization in order to 
learn something further about the nature of the nonstandard production mechanism. 

In Section it was demonstrated that either a charged scalar top-pion or W gauge 
boson can have a substantial effect on single top production in the s-channel mode. 
Assuming for the moment that such a deviation has been observed, one can then use 
the top polarization in order to narrow down the class of models responsible for such an 
effect. The W boson couples to the left-handed top and bottom quarks, and thus an 
analysis of the resulting top polarization will be similar to that of the SM prediction. 
Namely, the helicity basis will show about 75% of the tops to be left-handed (75% at 
the LHC), though the specific numbers show a mild sensitivity to the W mass, and the 
optimized basis will show about 97% at the Tevatron. However, the tt^ has a right-handed 
interaction, completely at odds to the SM. In fact, there is another difference between 
the W and the 7r ± that is also very important. Like the SM W boson, the W is a vector 
particle, and thus carries angular momentum information between the initial state and 
final state in the s-channel process. However, the tt^, as a scalar particle, does not carry 
such information. Thus, the optimized basis, which relies on the correlation between 
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top spin and the initial d momentum fails to apply to a scalar production mechanism, 
and if one were to use it to analyze the polarization of the top coming from this type of 
new physics effect, one would come to the wrong conclusion that the produced tops were 
unpolarized. On the other hand, in the helicity basis the top quarks produced from the 

show very close to 100% right-handed polarization. This demonstrates the utility of 
using both bases. If there is new physics in single top production, not only is it unclear 
at the outset which basis will show a larger degree of polarization, but we can use them 
together to distinguish a vector from a scalar exchange, thus learning about the nature 
of the new particle without directly observing it. 

Study of polarization can also be useful in disentangling the operators in the effec- 
tive Lagrangian in Equations (§) and (|7]). As we saw, those operators have left-handed 
and right-handed versions, and thus the distribution of top polarizations will depend on 
the relative strength of the two. Thus, by studying top polarization, one could begin 
to disentangle the chiral structure of the operator responsible for a deviation in single 
top production, giving further insight into the nature of the full theory that accurately 
describes higher energies. 



5 Conclusions 



Having gone over in detail the physics one can probe with single top production, it is 
worth summarizing what we have learned and examining how one can use the different 
top quark observables to extract information about the top that maximizes the available 
information. In the preceding sections we have seen that single top production allows one 
to measure the magnitude of the top's weak interactions (in contrast to top decays). The 
three modes of single top production (the s-channel W*, the t-channel VT-gluon fusion, 
and the t W~ modes) are sensitive to different types of new physics. All three modes 
are sensitive to modification of the W-t-b interaction, with the t W~ mode distinguished 
by the fact that it is rather insensitive to most types of new physics. The s-channel 
mode is sensitive to certain types of additional (heavy) particles. And the t-channel mode 
is sensitive to physics which modifies the top decay properties, in particular to FCNC 
interactions. In this light, it is rather unfortunate that the tW~ mode is so small at the 
Tevatron that it is not likely to be useful there, as it can allow one to measure the strength 
of the W-t-b vertex, which would be a good first step in disentangling the information 
from the s- and t-channel modes. 

Without the t W~ mode, one will most likely have to study the correlation of the s- 
and t- channel rates in the plane of o~ s — at in order to attempt to understand if a new 
physics effect is present, and how one should interpret it if it is observed. (cr s and a t 
are the cross sections of W* and VT-gluon processes, respectively.) In Figure |19| we show 
this plane for Run II of the Tevatron, including the SM point (with the contour of 3 a 
theoretical uncertainty deviation around it) and the points from the the top-flavor model 
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Figure 19: The location of the Tevatron SM point (the solid circle) in the o s -Ot plane, and 
the 3cr theoretical deviation curve. Also shown are the points for the top-flavor model 
(with M' z — 1 TeV and sin 2 <\> = 0.05) as the X, the FCNC Z-t-c vertex (\nztc\ = 1) as the 
open circle, a model with a charged top-pion {m^± = 250 GeV and t^-CR mixing of ~ 20%) 
as the cross, and a four quark generation scenario with \V ts \ = 0.55 and \V t b\ = 0.835 as 
the asterisk. All cross sections sum the t and t rates. 
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Figure 20: The location of the LHC SM point (the solid circle) in the o s -<Jt plane, and the 
3a theoretical deviation curve. Also shown are the points for the top-flavor model (with 
M' z = 1 TeV and sin 2 (f> = 0.05) as the X, the FCNC Z-t-c vertex (|acx*c| = 1) as the open 
circle, a model with a charged top-pion (m n ± = 450 GeV and £r-Cr mixing of ~ 20%) as 
the cross, and a four quark generation scenario with |Vt s | = 0.55 and |T4&| = 0.835 as the 
asterisk. All cross sections sum the t and t rates. 
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(with Mz> = 900 GeV and sin 2 = 0.05), the top-color model with a charged top-pion 
(with mass = 250 GeV and £r-Cr mixing of 20%), a FCNC Z-t-c operator (with 
\ftztc\ — 1 an d 4>ztc = (fiztc = 0)' an d a large Vts under the four quark generation scenario 
with | Vj s | = 0.55 and \V t b\ = 0.835. A similar plot is given in Figure |2(] for the LHC. 
This illustrates how to use the knowledge we have about the sensitivity of the W* and 
VT-gluon fusion modes to find a likely explanation for a new physics effect. A deviation in 
a s that is not also reflected in <j t is most likely due to the effect of nonstandard particles. 
A deviation in a t that is not also seen in a s is likely from a FCNC. A deviation that is 
comparable in both rates is most likely from a modification of the W-t-b interaction. In 
the very least, if the SM is a sufficient description of single top production, the fact that 
the two rates are consistent will allow one to use them to extract Vtb with confidence that 
new physics is not distorting the measurement. 

Additional information is provided by polarization information. By studying the W 
polarization from top decays, one learns about the nature of the W-t-b interaction. By 
studying the top polarization, in both the helicity and optimized bases, one can learn 
more about the chiral structure of nonstandard top interactions, either by probing the 
chiral structure of the interactions, or even the scalar/vector nature of a virtual particle 
participating in single top production. 

The large top mass seems to be a hint that the mechanism of the EWSB may be more 
evident in studies of top than in other observables, and thus the Tevatron Run II and the 
LHC are exciting opportunities to probe the nature of the symmetry breaking. We have 
seen that by using the three modes of single top production together, along with studies 
of polarization in top decays and in single top production, one can assemble a coherent 
picture of the properties of the top. These observables a sensitive to different kinds of 
new physics, and thus when considered together can provide a probe of the nature of 
nonstandard physics manifest in the top sector, or can demonstrate the validity of the 
SM picture of how the top should behave. 
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